To investigate the cause of the syndrome characterized by endothelial dystrophy, iris hypoplasia, congenital cataract, and stromal thinning (EDICT). METHODS. Previously a multigenerational family was reported that comprised 10 individuals affected by syndromal anterior segment dysgenesis. Blood samples were re-collected from eight affected and two unaffected individuals, and genomic DNA was extracted. A total of 24 candidate genes and 4 microRNAs residing within the critical interval were sequenced bidirectionally. In silico analyses were performed to examine the effect of the causal variant on the stability of the pre-microRNA structure. RESULTS. Bidirectional sequencing identified the single-base substitution ϩ57CϾT in miR-184. This variation segregated with the disease phenotype and was absent in the 1000 Genomes project, 1130 control chromosomes, and 28 nonhuman vertebrates. CONCLUSIONS. The single-base-pair substitution in the seed region of miR-184 is responsible for the disease phenotype observed in EDICT syndrome. (Invest Ophthalmol Vis Sci. 2012; 53:348 -353)
A n autosomal dominant syndrome of anterior polar cataract and endothelial dystrophy was first described in a large Swedish family in 1951. 1 The affected individuals developed anterior polar cataracts in early childhood and corneal guttae as early as age 10, with corneal disease progressing with age. The severity of the disease varied between family members: while the majority of affected individuals developed both corneal guttae and cataracts, one individual had guttae and no cataract. A similar disease phenotype was later reported in an American family of Scandinavian descent. Through at least five generations, this family inherited autosomal dominant anterior polar cataract with corneal guttae. 2 Histologic examination of the cornea of the affected proband revealed epithelial edema, normal stroma, and thickening of the Descemet membrane with focal excrescences. A third instance of a dominant syndrome of cataract and corneal dystrophy was reported in a large Northern Irish family in 2003. 3 Similar to the previous reports, affected members of this family developed anterior polar cataract in childhood; however, in contrast to previously described cases, the corneal dystrophy in this family was described as keratoconus rather than as cornea guttata.
We have described EDICT syndrome, an autosomal dominant syndromal anterior segment dysgenesis characterized by endothelial dystrophy, iris hypoplasia, congenital cataract, and stromal thinning. 4, 5 The locus for keratoconus with cataract was mapped to a 5.5-Mb region within the previous linkage interval for EDICT syndrome, suggesting a possible common causative mutation. 3, 4, 6 The common linkage interval harbors 75 annotated genes and 4 microRNAs. 7, 8 MicroRNAs are short RNA molecules that bind to messenger RNA, downregulating gene expression by inhibiting translation and triggering degradation of mRNA by the Argonaute protein. 9 -12 MicroRNA is first produced as primary microRNA, which is cleaved in successive steps by the RNase III enzymes Drosha and Dicer to produce the mature microRNA that is incorporated into the RNA-induced silencing complex (RISC). 13, 14 The region from bases 2 to 7 of the mature microRNA, known as the seed region, is especially important for recognition of target mRNA and proper microRNA regulation of protein expression. 15 Indeed, a mutation in the seed region of miR-96 has been implicated in hereditary hearing loss. 16 We report a causal mutation for EDICT syndrome found in the seed region of miR-184.
MATERIALS AND METHODS

Recruitment and Sample Collection
After examination of the proband, affected and unaffected family members were invited to participate in a study to determine the genetic basis for EDICT syndrome, as previously described. 4, 5 Informed consent was obtained from all individuals included in the study. The study protocol was approved by the Johns Hopkins Medicine Institutional Review Board and adhered to the tenets of the Declaration of Helsinki and the regulations of the Health Insurance Portability and Accountability Act.
Venous blood (17 mL) had been collected from 14 family members, and samples were re-collected from 10 of those individuals for this study. Genomic DNA was extracted from blood samples (QIAamp DNA Blood Maxi Kit; Qiagen, Valencia, CA) and frozen at Ϫ20°C.
PCR Amplification and Sanger Sequencing
Candidate genes and pre-microRNAs were amplified by polymerase chain reaction (PCR). Reactions were performed in a volume of 25 L, composed of 50 ng of genomic DNA, 10 picomoles of forward and reverse primers, 2.5 L of 10ϫ PCR buffer, 2.5 L of 2 mM dNTPs, 2.5 L of 5 M betaine, and 0.15 units Taq DNA polymerase. Sequencing of the PCR product was accomplished using dye termination chemistry according to the manufacturer's instructions (BigDye Terminator, ver. 3.1; Life Technologies Corporation, Carlsbad, CA). After purification by ethanol precipitation, samples were commercially sequenced (ABI 3730xl sequencer; Life Technologies Corporation, Carlsbad, CA; performed by Eurofins MWG Operon, Huntsville, AL). Sequences were viewed using commercially available sequence analysis software (Sequencher 5.0; Gene Codes Corp., Ann Arbor, MI). 
In Silico Analyses
The Vienna RNAfold algorithm was used to predict the effect of miR-184(ϩ57CϾT) on the secondary structure of pre-miR-184.
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The MC-fold/MC-sym pipeline was then used to predict the tertiary structure of the wild-type and miR-184(ϩ57CϾT) pre-miR-184 and to calculate the minimum free energy of the calculated secondary and tertiary structures. 19 Subsequently, DIANA ver. 3.0 software was used to predict targets of wild-type miR-184 and miR-184(ϩ57CϾT).
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RESULTS
In earlier work, we localized the critical interval of EDICT syndrome to the long arm of chromosome 15 ( Fig. 1) . 4 In this study, we first analyzed 24 candidate genes involved in transcriptional regulation, early development, cell migration, cellcell interaction, and extracellular matrix structure, all of which have shown expression in human corneal endothelial cells in a serial analysis of gene expression (SAGE) library. 21 However, we did not identify a causal lesion in the coding regions of these candidate genes.
Next, we sequenced the four microRNAs that met two criteria: first, they were located within 100 kb of the linkage interval, and second, they had been reported as expressed in the eye (MIR184 and MIR422A) or were paralogous to microRNAs expressed in the eye (MIR7-2, and MIR9 -3). [22] [23] [24] [25] We identified a single base substitution, miR-184(ϩ57CϾT), which lies in the seed region at the fifth base of the mature miR-184. The substitution segregates with the disease phenotype in the family: all eight affected individuals are heterozygous for the variant, whereas the two unaffected individuals are homozy- gous for the reference allele (Fig. 2) . No variations were identified in sequences of MIR7-2, MIR9 -3, or MIR422A.
To assess the possibility that the identified substitution is a common variant, we searched the 1000 Genomes database and sequenced MIR184 in two control cohorts: 282 Fuchs corneal dystrophy patients and 283 control individuals without corneal dystrophy. No variations in the mature miR-184 sequence were identified in the 1000 Genomes database or in 1130 chromosomes from individuals without EDICT syndrome. Two noncausal substitutions in pre-miR-184 were identified in our control cohorts: miR-184(ϩ39GϾT), previously identified as rs41280052, was present in 11 individuals (four Fuchsaffected, seven unaffected controls), and miR-184(ϩ52TϾC) was present in one unaffected control individual. 26 Next, we investigated the evolutionary conservation of the miR-184 sequence by querying the UCSC Genome Browser (http://genome.ucsc.edu/; provided by the University of California at Santa Cruz). In 28 nonhuman vertebrates that have an ortholog of miR-184, the cytosine base at position 57 is fully conserved (Fig. 3) . The mature miR-184 sequence is fully conserved in all 28 orthologous sequences that were examined, with the exception of a ϩ64CϾT substitution in platypus and a ϩ74TϾC substitution in the medaka fish (Fig. 3) . 8 Taken together, these data suggest that miR-184(ϩ57CϾT) is a rare variant that is exclusively present in individuals affected by EDICT syndrome.
To evaluate potential mechanisms underlying the pathogenicity of the miR-184(ϩ57CϾT) mutation, we used a computational approach to predict the secondary and tertiary structures of the wild-type and mutant pre-miR-184. The miR-184(ϩ57CϾT) substitution is predicted to stabilize the secondary structure of pre-miR-184 by partially closing an internal loop, resulting in a change in Gibbs free energy of Ϫ2.39 kcal/mol (Fig. 4) . Our analyses also predict that the substitution will change the tertiary conformation of the molecule, although the calculated free energy of the two conformations is nearly identical: Ϫ75.99 kcal/mol for the wild-type pre-miR-184 and Ϫ75.61 kcal/mol for the miR-184(ϩ57CϾT) variant (Fig. 4) .
Finally, to gain insight into the predicted targets for the wild type and the mutant miR-184, we queried the DIANA ver. 3.0 database. 20, 27 Computations predicted 879 potential target sites for wild-type miR-184, located in 797 different genes. In contrast, a search using the miR-184(ϩ57CϾT) variant suggested 3560 potential target sites in 2781 genes. Of the 3560 putative targets of mutant miR-184, 3114 are located in genes that are not predicted as targets of wild-type miR-184.
DISCUSSION
Here, we report the mutation that is likely causal in EDICT syndrome: the single-base-pair substitution miR-184(ϩ57CϾT). Our data offer four lines of evidence implicating this variant in EDICT syndrome. First, the mutation segregates completely with the disease phenotype in the family affected by EDICT syndrome. Second, the variant is absent in 1130 control chromosomes and has not been identified in the 1000 Genomes database. Third, the variant is absent in 28 nonhuman vertebrates. Finally, in silico analyses suggest that the miR-184(ϩ57CϾT) substitution alters the stability of pre-miR-184 and thus may interfere with Dicer binding or cleavage. Taken together, these data strongly suggest that the miR-184(ϩ57CϾT) substitution causes EDICT syndrome. Recently, the miR-184(ϩ57CϾT) substitution was implicated in a syndrome of keratoconus and early-onset anterior polar cataracts. 28 The EDICT syndrome also includes congenital cataracts, but does not demonstrate a keratoconus phenotype. Keratoconus is a noninflammatory ectatic corneal disorder characterized by progressive stromal thinning with an unaffected endothelium and Descemet membrane. The stromal thinning noted in the EDICT syndrome, however, is uniform and nonectatic. Histologic analysis reveals that the corneal endothelium is attenuated and the Descemet membrane is thickened with marked posterior nodularity suggestive of Fuchs corneal dystrophy. Furthermore, intracellular aggregates of small-diameter filaments stain positively for cytokeratin, suggestive of posterior polymorphous dystrophy. Besides abnormalities of the lens and cornea, additional prominent phenotypic features of the EDICT syndromes are iris abnormalities, including small eccentric pupils, iris defects, and ectropion pupillae, features that were not described in the family with keratoconus and cataract. [3] [4] [5] [6] 28 In addition to pathology of the anterior segment, EDICT patients also have an increased incidence of retinal problems. Of 10 affected individuals, 4 developed retinal pathology. Three individuals experienced retinal detachments, and one developed macular chorioretinitis (JDG, unpublished data, 2011). Although we cannot rule out the possibility that this increase in retinal disease is a result of cataract extraction, the prospect of a retinal phenotype in EDICT syndrome merits further study. Although miR-184 has been studied most extensively in the anterior segment, miR-184 is also expressed in the retina, and miR-184 expression is significantly reduced after retinal ischemia and in choroidal neovascularization, suggesting that miR-184 may play a role in normal retinal function. 29, 30 Our computational analyses suggest several potential mechanisms for pathogenesis by the miR-184(ϩ57CϾT) mutation. The substitution is predicted to strengthen binding at the 5Ј end of the mature miRNA, a region that is critical for Dicer binding and RISC assembly. 31, 32 This prediction suggests that miR-184(ϩ57CϾT) could reduce the expression of mature miR-184 by interfering with Dicer cleavage, or that it could reduce the activity of mature miR-184 by preventing assembly of the RISC. The 5Ј binding affinity also plays an integral role in selection of pre-microRNA cleavage sites by Dicer, raising the possibility that miR-184(ϩ57CϾT) alters Dicer cleavage, resulting in production of a dramatically different mature microRNA. 33 In silico structure modeling offers conflicting data regarding the thermodynamic stability of the miR-184(ϩ57CϾT) variant. Although calculations of secondary structure suggest that miR-184(ϩ57CϾT) stabilizes pre-miR-184, predictions of the tertiary structure show little or no difference in free energy. Thus, it seems unlikely that a change in overall thermodynamic stability of pre-miR-184 is the main causal factor in the pathogenesis of EDICT syndrome.
In vitro, miR-184 has been shown to directly inhibit Akt2 in cultured human glioma and neuroblastoma cell lines, and overexpression of miR-184 suppresses cell viability and proliferation in those cell types. 34 -36 Of importance, the Akt pathway is involved in epithelial-mesenchymal transition, and defects in this process have been associated with Fuchs corneal dystrophy and posterior polymorphous dystrophy. [37] [38] [39] [40] [41] However, 17 -19,45 data are mixed regarding the effect of underexpression of miR-184. Inhibition of miR-184 suppresses proliferation in squamous cell carcinoma cells with endogenous overexpression of miR-184, but knockdown of miR-184 in neuroblastoma cells results in increased cell growth. 35, 42 Hughes et al. 28 demonstrated that transfection with an miR-184 mimic, but not an miR-184(ϩ57CϾT) mimic, is sufficient to inhibit miR-205-mediated knockdown of the integrin ITGB4 and the lipid phosphatase SHIP2 (also known as INPPL1) in HeLa cells. ITGB4 is a major component of corneal hemidesmosomes in the form of the integrin ␣6␤4 heterodimer, and miR-184 has previously been shown to disinhibit the production of SHIP2, which inhibits the Akt pathway. 43, 44 The findings that miR-184 modulates the Akt signaling pathway and that the miR-184(ϩ57CϾT) variant is less effective at regulating the upstream Akt regulator SHIP2 offer a promising possibility for the pathogenesis of the corneal disease in EDICT syndrome. Defects in epithelial-mesenchymal transition could represent a common disease mechanism among Fuchs corneal dystrophy, posterior polymorphous dystrophy, and the endothelial pathology observed in EDICT syndrome. Future functional experiments will be essential in elucidating the mechanism by which the miR-184(ϩ57CϾT) mutation causes EDICT syndrome.
